I. INTRODUCTION
Carbon nanotubes (CNTs) 1 belong to an important class of nanomaterials for their novel electrical, mechanical, and optical properties. The outstanding properties of CNTs [2] [3] [4] [5] [6] [7] [8] make them suitable for potential technological applications. For instance, metallic CNTs may be used as one dimensional wiring material in circuit devices owing to their perfect one dimensional conducting behavior. These CNTs must be integrated with relevant substrate for large scale practical applications. Since silicon is easily available and Si(001) is one of the most stable surfaces, it is desirable to integrate CNTs on Si(001) surface. Naturally, the electronic properties of CNTs will be affected due to its interaction with the Si(001) surface. Hence, in order to have successful utilization of CNTs as wiring materials, a detailed understanding of the energetics, stability, electrical, and structural properties of CNTs supported on Si(001) surface is useful. Some investigations have been carried out in the past for understanding the interaction of CNTs [9] [10] [11] [12] with bare Si(100):2 Â 1 surface. Among them, Orellana et al. found that (6, 6 ) CNT prefers to bind in between the dimer rows of bare Si(001): 2 Â 1 and the metallic property of the CNT is enhanced. On the contrary, Berber and Oshiyama showed that a (5,5) CNT prefers to align along the perpendicular direction to dimer rows and the metallic character of the CNT disappears. Peng et al.
11 also found that a metallic (3, 3) CNT favors to align itself in between Si dimer rows on bare Si(001):2 Â 1 and loses its metallic character. Lopez et al. 12 considered adsorption of semiconducting CNTs on Si(001):2 Â 1 and found that the semiconducting CNTs interact weakly with the surface. Further, a few adsorption studies of CNT on hydrogen terminated Si(001) surface [13] [14] [15] indicate that the CNTs have no preferential adsorption site; they are physisorbed and the properties of the CNTs are mostly preserved. Such observation is expected because hydrogen passivation makes the hydrogen terminated Si(001) surface chemically inert.
However, one major problem is that it is not possible to have organized alignment of CNTs on bare Si(001) or on a fully hydrogenated Si(001) surface. One may overcome this difficulty by using an STM tip and creating preferential adsorption sites for CNT by removing selective hydrogen atoms from the fully hydrogen terminated Si(001) surface. 16, 17 Depending on experimental conditions, a fully hydrogen terminated Si(001) surface may be reconstructed into any of 3 Â 1, 1 Â 1, and 2 Â 1 phases. [18] [19] [20] [21] [22] [23] [24] [25] As a fully hydrogen terminated Si(001): 2 Â 1 is very stable and is easily obtained experimentally, it should be a good candidate for CNT integration. In fact, stabilization of single wall CNTs in hydrogen desorbed areas of the hydrogen terminated Si(001): 2 Â 1 has been demonstrated [26] [27] [28] recently. Keeping in view of these experimental observations and possible applications of CNT as one dimensional conducting materials, we have studied the energetics, structure, and electrical properties of metallic (3, 3) CNT supported on patterned Si(001): 2 Â 1 surface. The metallic (3, 3) CNT is chosen because it is one of the smaller diameter CNTs and it may be one of the synthesized CNTs with 4 Å diameter. 29 We further examine the effect of an external electric field on the electrical and structural properties of (3,3) CNT when it is supported on patterned hydrogen terminated Si(001): 2 Â 1 surface. The significant observations in this study are: (1) the (3,3) CNT binds strongly with the patterned hydrogen terminated Si(001): 2 Â 1 surface and in the process loses the metallic character. (2) The (3,3) CNT on the surface undergoes a metallic transition in the presence of an external electric field.
It is worth mentioning that there have been a number of studies on the tuning of electrical and structural properties of individual CNTs with strain, electric field, etc. However, not much attention has been paid yet on tuning the electrical properties of supported CNTs by external means. This is important from the technological point of view. This paper is organized as follows. Section II describes the system, the method, and the relevant parameters. The results are discussed in Sec. III and finally we summarize our findings in Sec. IV. 
II. APPROACH AND METHOD
First principle total energy calculations were carried out within the density functional theory at zero temperature using the VASP code. [30] [31] [32] [33] The wave functions are expressed by plane waves with a cut off energy jk þ Gj 2 500 eV. The Brillouin zone (BZ) integrations are performed by using the Monkhorst-Pack scheme with 6 Â 6 Â 1 k-point meshes for 4 Â 2 primitive cells. Interaction between valence electrons and ion cores is represented by Vanderbilt type ultrasoft pseudo-potentials and results for fully relaxed structures are obtained using the PW91 generalized gradient approximation (GGA). The preconditioned conjugate gradient method is used for the wave function optimization and the conjugate gradient method for ionic relaxation. The convergence criteria for energy are taken to be 10 À5 eV and the systems are relaxed until the forces are below 0.005 eV/Å .
The hydrogen terminated Si(001):2 Â 1 is represented by a repeated slab geometry. Each slab consists of five atomic layers of Si. The top and the bottom layer Si atoms are passivated with hydrogen atoms. The top layer Si atoms dimerize and each surface Si atom is attached to a hydrogen atom (see Fig. 1 ). Thus, the hydrogen terminated Si(001): 2 Â 1 surface consists of hydrogen terminated Si dimer rows. The consecutive slabs are separated by a vacuum space of %22 Å to avoid any interaction with its repeating image [34] [35] [36] [37] when CNT is placed on the surface of the slab. The lateral inter-tube distance along X [110] direction is kept %11 Å to avoid inter-tube interaction. The Si atoms constituting top four layers of the slab along with the hydrogen atoms on the top are allowed to relax. The Si atoms of the bottom layer and the hydrogen atoms passivating the bottom-layer silicon atoms are kept fixed to simulate bulk like termination. The convergence with respect to the number of Si layers of the slab has already been examined earlier 34 and it was found that five Si layers are enough to realize the Si(001) surface. In order to have a periodicity match of the (3,3) CNT with the Si(001): 2 Â 1 surface, the Si slab is squeezed along the Y [1 10] direction by 3.25% and the consequent elastic expansion of the slab along X [110] and Z [001] directions is taken into consideration. 9 The hydrogen terminated Si(001):2 Â 1 surface is patterned by desorbing different groups of hydrogen atoms from the surface. We pattern the hydrogen terminated Si(001):2 Â 1 surface in two reasonable ways: (1) All the hydrogen atoms attached to the right side Si dimers (see Fig. 1 ) within the 4 Â 2 super-cell are removed and the resultant system is fully relaxed. The relaxed atomic structure of the patterned surface is shown in the Fig. 2 . The pattern thus obtained for the hydrogen terminated Si(001) is termed as "Pattern-A." We note that the unpassivated Si dimers of the Si(001) surface with pattern-A are squeezed to 2.31 Å and buckled down with an angle of %19
. The Si(001) surface with pattern-A is modeled with 40 silicon atoms along with 20 hydrogen atoms within the 4 Â 2 super-cell. (2) The hydrogen atoms occupying the region in between two consecutive Si dimer rows are removed within a 4 Â 2 supercell. In other words, the hydrogen atoms attached to two consecutive Si dimer rows but facing each other are removed. The surface is then optimized to obtain the minimum energy structure. The relaxed structure of the surface in the form of a slab is shown in the Fig. 3 . The surface pattern thus generated is termed as pattern-B. In this case, the alternative silicon dimers along the Y axis are buckled up and down by 6 and 12.6 , respectively. Again, this surface is realized with 40 Si atoms and 20 hydrogen atoms within the 4 Â 2 super-cell.
For obtaining the relaxed atomic structure of (3,3) CNT on the Si(001) with pattern-A or pattern-B, the CNT is initially placed on top of the dangling bonds of the surface (hydrogen desorbed area of the surface) by aligning the tube axis parallel to the surface Si dimer rows extending along the Y [1 10] direction (see Fig. 4 ). On both the patterned surfaces, the (3,3) CNT may be placed in two different orientations. First, the orientation of the CNT is such that one of the zigzag C-C chains of the CNT extending along the tube axis directly faces the surface. We may refer to this as zigzag orientation. Second, a row of parallel C-C bonds perpendicular to the CNT axis directly faces the surface, this orientation may be named as parallel orientation. To find the most stable geometry of the CNT on the surface, we calculate the binding energy (BE) of the CNT per unit length which is defined as Here, E tot [CNT þ Surf] is the total energy of the integrated system (i.e., CNT ( The energetically favorable relaxed atomic structure of (3,3) CNT on Si(001) with pattern-A is shown in the Fig. 5 . The bucklings of Si dimers disappear and become flat due to CNT adsorption. The binding energy of the CNT per unit length is 0.75 eV/Å , which may differ from the practical value by a small amount due to forced commensuration of the CNT with the substrate in our calculation. The CNT resides 2.25 Å above the Si surface. It is clear from the figure that the relaxed structure prefers the parallel orientation. Two of three C-C bonds of the CNT which were initially located at the interface and oriented parallel to surface Si dimers break in order to form C-Si bonds. In the process of CNT adsorption, four C-Si bonds form at the cost of two C-C bonds of CNT and a net energy of 5.6 eV is gained within the 4 Â 2 supercell. The C-C bond lengths of the CNT vary between 1.41 Å and 1.52 Å with an average length of 1.445 Å . The C-Si bond lengths are %1.90 Å . These imply that the CNT binds strongly with the Si(001) having pattern-A. In spite of strong interaction of the CNT with the surface, the hollowness of the CNT is retained with some deformations. A quantitative idea of deformation of the (3,3) CNT supported on a surface may be obtained by using a quantity called deformation ratio (DR) given by
where R max and R min are the maximum and minimum radiuses of the (3,3) CNT after complete optimization of the CNT on the surface and R is the average radius of the relaxed (3,3) CNT. According to the above definition, the deformation of the (3,3) CNT on the Si(001) with pattern-A is 18% which is an indication of strong binding of the CNT with the surface. However, this deformation is less compared to 26% deformation of (3,3) CNT on bare Si(001): 2 Â 1 surface. This is reasonable because in contrast to bare Si(001): 2 Â 1 surface, the surrounding of the CNT on the Si(001) with pattern-A is chemically inert due to hydrogen passivation.
An isolated (3, 3) CNT is known to possess one dimensional metallic behavior. To find out if the CNT retains its metallic character on the Si(001) surface with pattern-A, we have plotted the band structure and density of states of the (3,3) CNT supported on the surface (see Fig. 6 ). From both the band structure and the density of states in Fig. 6 , we find that the (3,3) CNT loses its metallic character and behaves like a semiconductor with a gap of 0.49 eV. Though the band gap around the fermi level turns out to be %0.49 eV in our density functional calculations, in practice, it must be larger than 0.49 eV. But the point to note is that (3,3) CNT undergoes a semiconducting transition due to its coupling with the Si(001) surface having pattern-A. To understand the coupling between CNT and the silicon surface further, we have plotted the partial charge density corresponding to the highest occupied band in Fig. 7 . This shows that electronic charges from both carbon and silicon atoms are responsible in the formation of the highest occupied band and result from hybridization of carbon p states with silicon dangling bond states. Hence, p electrons which were responsible for conduction in an isolated (3,3) CNT become localized, opening a gap around the fermi level, thus turning it semiconducting.
To identify the nature of C-Si bonds, we have also carried out charge redistribution analysis by calculating the total charge density difference Dq which is defined as
where (q½CNT) is the total charge density of isolated CNT, q½Si is the total charge density of the Si(001) surface on which CNT is integrated, and q½CNT þ Si corresponds to the total charge density of the integrated system of CNT and Si(001) surface. Here, Dq along a C-Si bond is plotted and shown in Fig. 8 . It clearly indicates that charge transfer from Si to C has taken place along with some accumulation of charge in the middle of Si-C bond. Therefore, we may conclude that the Si-C bonds have a combination of ionic and covalent characters. A Bader charge analysis 38, 39 confirms that 2.27 e is transferred from Si surface to CNT within the 4 Â 2 supercell. In general, charges are transferred from lower to a higher work-function material. To verify if direction of charge transfer in our system obeys this general trend, we have calculated the work-function of isolated CNT and the Si(001) having pattern-A separately. The work-function is calculated by taking the difference between the vacuum energy level (U av ) and the fermi energy level (E F ) and is defined as
The vacuum level energy (U av ) is estimated by plotting the average electrostatic potential (averaged over the XY-plane) as a function of distance from the surface of the system. substrate induced by the adsorbate. 40 Considering the fact that C is more electronegative than Si, the charge transfer from Si to C is reasonable.
Thus, we may conclude that the (3,3) CNT integrated on the Si(001) having pattern-A becomes semiconducting due to the formation of strong Si-C bonds. The Si-C bonds are partially ionic and partially covalent in nature. Also in the process of CNT adsorption, electronic charge transfers from Si surface to CNT.
As tailoring electrical properties with external means is technologically important, we now discuss the effect of an external electric field (E ext ) on the electrical properties of the (3,3) CNT supported on the Si(001) having pattern-A. We have completely relaxed the system for five different field strengths, namely, E ext ¼ 0:1 V=Å, 0:2 V=Å, 0:3 V=Å, 0:4 V=Å, and 0:5 V=Å, respectively. The electric field is directed along the negative Z-axis. Structural changes in the system due to the electric field were not visible. However, we found that the band gap around the fermi level decreases with increasing electric field strength. The variation of bandgap as a function of field strength is plotted in Fig. 10 . The curve in Fig. 10 clearly indicates that the CNT on the surface undergoes a metallic transition around field strength of 0:3 V=Å. To have a better picture, the band structure and density of states of the (3,3) CNT supported on the Si(001) having pattern-A are plotted in Fig. 11 for a field strength of E ext ¼ 0:4 V=Å. This figure distinctly shows metallic behavior of the CNT supported on the surface because bands are crossing the fermi level and there is finite density of states around the fermi level. We also carried out similar calculations with electric field along positive Z-direction; however, the results were found to be independent of the direction of the field.
The partial charge density of a band crossing the fermi level (see Fig. 12 ) shows that the charges on CNT are responsible for the metallic behavior in the presence of external electric field. Therefore, one may conclude that the electric field helps delocalizing charges for conduction. Next, we consider the (3,3) CNT supported on the Si(001) having pattern-B. Fully relaxed and energetically favorable atomic structure of (3,3) CNT on Si(001) with pattern-B is shown in Fig. 13 . The binding energy of the absorbed (3,3) CNT per unit length is 0.46 eV/Å . The CNT resides 1.4 Å above the Si surface. Here, we observe that the relaxed structure prefers the zigzag orientation. In the process of adsorption of the CNT, four C atoms form bonds with surface Si atoms within the 4 Â 2 supercell without breaking any C-C bonds. The C-C bond lengths are altered by a small amount. The C-C bond length varies from 1.41 to 1.5 Å with an average of 1.445 Å while the C-Si bond lengths are %1.99 Å . These results are very similar to that of the most favorable structure when (3, 3) CNT is supported on bare Si(001): 2 Â 1 surface. 11 In spite of strong interaction of the CNT with the surface, the hollowness of the CNT is retained with 9.7% deformation ratio. Also note from Fig. 13 that the buckling of Si dimers is destroyed and the dimers become symmetric and horizontal due to CNT adsorption. The Bader analysis shows that 2.21 e is transferred to CNT from Si surface within the 4 Â 2 supercell. The charge density difference along a Si-C bond (not plotted here) shows similar behavior as shown in the Fig. 8 which is also an indication of charge transfer from surface to CNT. Our calculated work-function of the Si(001) having pattern-B is 4.8 eV while that for CNT is known to be 4.35 eV. Thus, in this case also the charge transfer takes place from higher to a lower work-function material.
For finding out the electrical nature, we carried out band structure analysis of the (3,3) CNT supported on the Si(001) having pattern-B. The band structure and the density of states for this system are plotted in Fig. 14 , where the fermi level is represented by the dotted line. The gap of %0.6 eV around the fermi level is reflected in both the band structure and the density of states.
In this system, the band gap can also be tuned by applying an external electric field. We have considered an electric field directed along the negative Z-axis with various strengths from E ext ¼ 0.01 V/Å to E ext ¼ 0.5 V/Å with an increment of 0.1 V/Å . We found that the band gap reduces with the increase of the electric field strength. The gap nearly vanishes around E ext ¼ 0.4 V/Å which is larger compared to the case of (3,3) CNT supported on the Si(001) having pattern-A. The band structure and the density of states for the system in the presence of E ext ¼ 0.4 V/Å are plotted in Fig. 15 , the dotted line represents the fermi level. We observe in Fig. 15 that the gap around the fermi level vanishes, band just crosses fermi level and finite density of states appears around that region. These indicate that the (3,3) CNT supported on the Si(001) having pattern-B undergoes a metallic transition induced by external electric field.
Comparing the results of CNT integration on both the patterned Si(001) surfaces, we find that the (3,3) CNT supported on the Si(001) having pattern-A is superior from technological point of view because it is energetically more favorable, easily distinguishable due its larger height on the surface and the bandgap may be tuned from 0.5 eV to 0.0 eV with lesser field strength.
IV. SUMMARY
We have studied the structure, energetics, and electrical properties of a (3,3) metallic CNT adsorbed on Si(001) surface having pattern-A (See Fig. 2 ) and pattern-B (see Fig. 3 ). We find that the binding energy of the CNT per unit length is 0.75 eV on the Si(001) having pattern-A and 0.46 eV on the Si(001) having pattern-B. The Si-C bond lengths are shorter and the deformation ratio of the CNT is larger in the earlier case even though total number of Si-C bonds and average C-C bond lengths are same in both the cases. Thus, (3, 3) CNT is energetically more favorable on the Si(001) having pattern-A. The height of the CNT on Si(001) having pattern-A is larger by %0.4 Å and therefore, the CNT on the Si(001) having pattern-A may be distinguished more easily compared to that on the Si(001) having pattern-B. The (3,3) CNT on the patterned surfaces having pattern-A and pattern-B becomes semiconducting with a band gap of % 0.5 eV and 0.6 eV, respectively. However, (3,3) CNT supported on Si(001) may be turned into metallic by applying an external electric field of 0.3 V/Å to 0.4 V/Å . Based on the energetics and electrical properties of (3,3) CNT supported on Si(001), we conclude that pattern-A is preferable over pattern-B for integration of (3,3) CNT on the Si(001) substrate. 
